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The influence of cytosine methylation on the supercoil-stabilized B-Z equilibrium in Escherichia coli was
analyzed by two independent assays. Both the M EcoRI inhibition assay and the linking-number assay have
been used previously to establish that dC-dG segments of sufficient lengths can exist as left-handed helices in
vivo. A series of dC-dG plasmid inserts with Z-form potential, ranging in length from 14 to 74 base pairs, was
investigated. Complete methylation of cytosine at all HhaI sites, including the inserts, was obtained by
coexpression of the HhaI methyltransferase (M - HhaI) in cells also carrying a dC-dG-containing plasmid. Both
assays showed that for all lengths of dC-dG inserts, the relative amounts of B and Z helices were shifted to more
Z-DNA in the presence of M - HhaI than in the absence of M HhaI. These results indicate that cytosine
methylation enhances the formation of Z-DNA helices at the superhelix density present in E. coli. The B-Z
equilibrium, in combination with site-specific base methylation, may constitute a concerted mechanism for the
modulation of DNA topology and DNA-protein interactions.

DNA structural microheterogeneity is believed to play a
fundamental role in genetic regulatory mechanisms (16, 20).
Left-handed DNA (Z-DNA) is a structural alternative to
right-handed DNA (B-DNA) that has been well character-
ized in vitro (14, 17, 21). Recently, it was demonstrated that
Z-DNA can exist in living Escherichia coli cells and that a
given sequence can coexist in the Z form and the B form in
the same cell (7, 8, 15, 22, 23). The in vivo B-Z equilibrium
is influenced by active biological processes (like transcrip-
tion, replication, supercoil and toroid formations, and DNA-
protein interactions).
There is evidence that cytosine methylation may have an

important signaling function in eucaryotic gene expression
(4, 11). The hypomethylation of gene regulatory regions is
often connected to an expressed state of those genes,
whereas silent genes are generally overmethylated. In vitro,
cytosine methylation also facilitates the B-to-Z transition in
synthetic linear DNA polymers (1, 2, 5) and in certain
sequences in supercoiled recombinant plasmids (10, 25).

In previous studies, we employed two independent assays
for structural analyses under in vivo conditions. The first
assay was based on the observation that a recognition
sequence (GAATTC) is not methylated by the corresponding
bacterial methyltransferase (M EcoRI) when this site is
near or inside a left-handed helix, whereas other EcoRI sites
in the same plasmid molecule were completely methylated
(8, 23). The presence of a Z structure around the unmethyl-
ated sites was confirmed by a variety of chemical, enzy-
matic, and topological approaches (14, 16, 17, 21, 24).
Lack of methylation by a temperature-sensitive

M - EcoRI of EcoRI sites in suitable plasmid constructs, as
detected by EcoRI restriction digests of purified DNAs,
revealed the presence of a left-handed helix inside E. coli
cells.
The second assay was based on the well-characterized

topological changes in plasmids that have undergone a
B-to-Z DNA structural transition with helix unwinding (23,
25). Z-DNA formation in circular plasmids causes the relax-
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ation of negative supercoils. The amount of relaxation indi-
cates the type of structural change, since approximately two
supercoils are lost for each helix turn of B-DNA undergoing
the transition (14, 25).
On this basis, the formation of Z-DNA inside growing

bacterial cells could be analyzed by a linking-number assay.
The B-to-Z transition inside E. coli cells results in the
relaxation of a number of supercoils, in proportion to the
length of the Z-region involved. This process causes DNA
gyrase to decrease the linking number until the original
superhelix density is reestablished. Analysis of purified
native DNA on gels containing the intercalator chloroquine
revealed the distribution of linking numbers generated in
vivo. Thus, the appearance of a second population of topo-
isomers with more-negative linking numbers or the complete
shift of a topoisomer population relative to a control plasmid
indicated the formation of Z-DNA in vivo (7, 23).
The non-B conformations detected by a combination of

both in vivo assays were indeed left-handed Z-DNA, as
revealed by the close agreement (i) between the extents of
inhibition of methylation by M EcoRI in E. coli and the
capacities of the inserted sequences to form Z helices in vitro
and (ii) between the extents of relaxation measured by the in
vivo linking-number assay and the results of in vitro two-
dimensional gel electrophoresis (14, 23, 25).

Herein, we have analyzed the influence of cytosine meth-
ylation on the supercoil-stabilized B-Z equilibrium in vivo.
The M EcoRI inhibition assay and the linking-number
assay were used for DNA structural analyses inside living E.
coli both in the presence and in the absence of a constitu-
tively expressed M HhaI. Cytosine methylation had a
stabilizing effect on supercoil-induced Z-DNA formation in
vivo that was similar to its enhancing effect in vitro.

MATERIALS AND METHODS
Plasmids. The constructions and sequence features of the

plasmids used were described previously for pRW1567,
pRW1557, pRW1563, pRW1561, pRW1554, pRW478,
pRW1556, pRW1558, pRW1559, and pRW1564 (23) and
pRW1602 (8). pRW1560 is pBR322 with an 8-base-pair (bp)
BglII linker cloned into the filled-in EcoRI site (23).
pRW1610 was constructed by inserting a 1,476-bp HindlIl
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fragment containing the M HhaI gene (3) into the Hindlll
site ofpLV59 (13, 18), thus inactivating the EcoRI restriction
enzyme gene. The M HhaI gene was constitutively ex-
pressed from its own promoter.

All cotransformants containing either pRW1602 or
pRW1610 (both pACYC184 derivatives) in addition to one of
the Z-DNA-containing pBR322 derivatives were grown in E.
coli HB101 with double selection with ampicillin and chlor-
amphenicol. Plasmids were isolated by the phenol-lysozyme
method and purified by two CsCl gradient centrifugations as
described previously (8, 23).

Chemicals and enzymes. Chloramphenicol and chloroquine
phosphate were obtained from Sigma Chemical Co. Restric-
tion and DNA-modifying enzymes were from New England
BioLabs, Inc., and Boehringer Mannheim.

Kinetics of in vivo methylation by M EcoRI. Experiments
to determine the time courses of in vivo methylation of
EcoRI sites were performed as described previously (23). At
both the nonpermissive (42°C) and the permissive (22°C)
temperatures, all HhaI sites were fully methylated in vivo by
the M . HhaI expressed from pRW1610, as determined by
restriction digests with HhaI or with PstI plus BssHII of
purified plasmids (19, 24).
Linking-number assays. Plasmid DNAs for the linking-

number assays were prepared as described previously (23).
After growth at 42°C to an optical density at 550 nm of 1.0,
the cultures were shifted to 22°C and grown for an additional
6 h to maintain the same growth conditions as for the
M - EcoRI inhibition assays. The distributions of linking
numbers in the purified native DNAs were analyzed on 0.8%
agarose gels run at 60 V for 48 h in lx TBE buffer (89 mM
Tris-borate, 2 mM EDTA [pH 8.3]) containing 4 p.m chloro-
quine in the gel, buffer, and loading samples. After several
30-min washes in water to dilute out the chloroquine, the
gels were stained with ethidium bromide and photographed
under UV illumination with Polaroid type 55 negative film.
The negatives were traced with a model 620 videodensitom-
eter (Bio-Rad Laboratories).

RESULTS

Rationale. Two different approaches were employed to
study the influence of cytosine methylation on the B-Z
equilibrium in living E. coli. The M EcoRI inhibition assay
and linking-number assay enabled us previously to detect the
presence of Z-DNA and to estimate the relative amounts of
Z-DNA versus B-DNA in recombinant plasmid inserts in
vivo.

In the present study, both assays were performed in E.
coli HB101 with a variety of pBR322 derivatives containing
dC-dG inserts of various lengths (14 to 74 bp). EcoRI
recognition sites were located either inside the dC-dG seg-
ment or at the junction between insert and vector DNA (Fig.
1). A temperature-sensitive M - EcoRI activity was intro-
duced into E. coli HB101 with the pACYC184 derivative
pRW1602 or pRW1610 (Fig. 1), both of which express an
active M EcoRI protein at 30°C or lower (8, 23). In addi-
tion, pRW1610 also contained the gene for M HhaI which
is constitutively expressed from its own promoter. M HhaI
fully methylated all HhaI sites [d(GCGC)] on plasmids in
vivo, even at the nonpermissive temperature for M EcoRI
(420C).

Inhibition of methylation by M EcoRI in the absence and
presence ofM HhaI. E. coli HB101 was cotransformed with
either pRW1602 or pRW1610 and each of the dC-dG con-
taining plasmids listed in Fig. 1. The quantitation of Z-DNA

pRW1567 X [7Ci
pRW1566 X E9C
pRW1555 fK13 x

pRW1557 x K71D7Ux
pRW1556 x ^9 9 x

pRW1559 XEK7 13Mx

pRW1558 x K13 g9 x

pRW1561 xn13 13 x

pRW 478 [O 131331
pRW1554 X 22M x13=x

Length (bp)
14

18

26

32

40

44

48

56

56

74

E

H

FIG. 1. Plasmid inserts used in this study. The numbers in black
boxes indicate the numbers of dC-dG dinucleotide repeat units.
When E or B sites are internal to a dC-dG region, 4 bp (AATT or
GATC, respectively) are added to the total length. All inserts were
cloned in the EcoRI site of pBR322 or the BglII site of pRW1560.
The inserts are not drawn to scale. Sites: E, EcoRI; B, BamHI; X,
XhoII; H, HindIII; P, PvuII. A map of pRW1610 carrying both the
gene for a temperature-sensitive EcoRI methylase (MEcoRIts) and
the gene for the HhaI methylase (MHhaI) inserted into the EcoRI
restriction enzyme gene (EcoRI-) is also shown. cm, Chloramphen-
icol resistance gene.

formation in vivo with M - EcoRI as a structural probe was
performed as described previously (23). After growth of the
cotransformants at the nonpermissive temperature (42°C) to
an optical density at 550 nm of 1.0, the cultures were shifted
to the permissive temperature (22°C) and grown for various
periods of time. The plasmids were purified and analyzed in
vitro by digestion with PstI and EcoRI to quantitate the
extent of methylation in vivo at EcoRI sites in the inserts,
which reflects the amount of Z-DNA.
The time courses of in vivo M - EcoRI methylation for

inserts of various lengths in seven plasmids grown in the
presence of M HhaI were determined (Fig. 2). Also,
pRW1610, which contains one isolated EcoRI site sur-
rounded by random-sequence DNA, was included as a
control for the kinetics of methylation of an unperturbed
EcoRI site. For each plasmid, the percentage of methylation
(relative to the total amount of plasmid) was plotted as a
function of time at the permissive temperature. The rate of in
vivo M EcoRI methylation at the target sites decreased
substantially as the length of the insert increased. The
control plasmid pRW1610 was fully methylated at the EcoRI
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FIG. 2. Kinetics of in vivo methylation by M EcoRI (the quan-
titation of in vivo methylation at EcoRI sites is described in
Materials and Methods). The percentage of methylated plasmid
(relative to the total amount of plasmid DNA) was plotted as a

function ofgrowth time at the permissive temperature (22°C). E. coli
HB101 cells were transformed with pRW1610 alone (0) or cotrans-
formed with pRW1610 and pRW1567 (0), pRW1556 (O), pRW1559
(x), pRW1558 (U), pRW1554 (A), pRW1561 (0), or pRW478 (A).
Each point is the average of three to five determinations, with
deviations of 6 to 7% between individual measurements.

sites after approximately 1 h, whereas plasmids with a 56- or
74-bp dC-dG insert were methylated to only approximately
60 to 70%, even after 6 to 7 h. A qualitatively similar
behavior was observed recently when pRW1602 instead of
pRW1610 was used as the M - EcoRI-carrying plasmid (23).
To evaluate the contribution of cytosine methylation to

the kinetic behavior of the plasmids examined in Fig. 2, we
compared the time courses obtained for pRW1610 cotrans-
formants (i.e., with the M * HhaI expressed in the same cell)
with those obtained for pRW1602 cotransformants (i.e., in
the absence of M - HhaI). The extent of methylation (rela-
tive to that of the control pRW1602 or pRW1610, which was
taken as 100%) after 1 h of growth at the permissive
temperature was plotted as a function of the lengths of the Z
forming inserts (Fig. 3). The curve for the pRW1610 cotrans-
formants was generally shifted to the left by approximately
10 to 15 bp relative to the curve for the pRW1602 cotrans-
formants. This indicates that the presence ofM HhaI in the
cell has an inhibitory effect on methylation by M EcoRI for
all of the insert lengths examined. Also, the plateau that was
reached in both cases when insert lengths were 56 or more
bp was reached at a significantly lower level of relative
methylation (45%) in the presence of M HhaI than in the
absence ofM HhaI (60%). We interpret this as a reflection
of a longer lifetime for the Z conformation, especially for the
longer inserts, in which the cytosines in the dC-dG regions
were methylated by M * HhaI. Thus, cytosine methylation
has a stabilizing effect on supercoil-induced Z-DNA forma-
tion in vivo (Fig. 3) similar to that observed in vitro (10, 25).

100 l
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FIG. 3. Extent of in vivo methylation by M EcoRI as a function
of the lengths of the dC-dG tracts in the plasmid inserts. The
percentage of methylation was calculated from the data in Fig. 2 by
defining the value for pRW1610 as 100%. The values for the 60-min
points were used. Symbols: 0, cotransformants with pRW1610; *,
cotransformants with pRW1602 (the latter data were taken from
reference 23).

Effects of M - HhaI expression on in vrivo linking-number
distributions. A litking-number assay was previously em-
ployed to demonstrate the formation of Z-DNA helices in
supercoiled plasmids in E. coli (7, 23). The topoisomer
distributions of pRW1602 and pRW1610 cotransformants,
grown in E. coli HB101 in the same way as for the M EcoRI
inhibition studies, were analyzed after separation on agarose
gels containing chloroquine and densitometric tracing of the
negative-gel photographs. The native topoisomer distribu-
tions of various pairs of cotransformants were resolved on
agarose gels containing chloroquine (Fig. 4). In each lane,
the lowest topoisomer family, belonging to the pBR322
derivative with dC-dG insert, shows significant variations,
depending on the length of the insert and the presence or
absence of M HhaI. However, the positions of the
pRW1602 andc pRW1610 topoisomer families, which served
as internal control molecules (Fig. 4A, uppermost family in
each lane), are the same among the different pairs. These
topoisomer distributions were not influenced by the pBR322
derivatives cotransformed in the same host cell. Also, the
topoisomer distributions of single transformants obtained
with pRW1602, pRW1610, or pRW1560 were not influenced
after cotransformation with a second plasmid. This indicates
that a change of linking numbers in vivo was correlated with
the presence of the dC-dG inserts and was not a general
consequence of two plasmids residing in the same host cell.

Tracings of the native linking-number distributions were
obtained for the control plasmid pRW1560 without a dC-dG
insert and for three Z-DNA-containing plasmids with various
lengths of dC-dG inserts (Fig. 4B).
pRW1560 formed only one linking-number distribution

that was not significantly effected by M - HhaI. For
pRW1567, with a 14-bp dC-dG insert, one population of
topoisomers was observed in the absence of M - Hhal, in
agreement with previous results (23). When cotransformed
with pRW1610, however, the center of the distribution was
shifted to the right by about three linking numbers, i.e., to
more-negative values. This is in close agreement with the
approximately 2.5 turns of relaxation expected for a 14-bp
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FIG. 4. Native linking-number distributions of pBR322 deriva-
tives grown in the presence or absence ofM * HhaI. (A) Topoisomer
distributions in agarose-chioroquine gels obtained for pRW1566,
pRW1555, and pRW478 containing (dC-dG)9, (dC-dG)13, and (dC-
dG)13B(dC-dG)13 inserts, respectively. In lanes 1560, 1602, and
1610, control 'plasmid pRW1560 and plasmids pRW1602 and
pRW1610 alone, respectively, are included for comparison. Gels for
cotransformants with pRW1602 (no M HhaI) (-) and for cotrans-

Z-DNA insert. We believe that in the bottom tracing for
pRW1567, a Z-DNA population, shifted by about 2.5 to 3
supercoil turns, is superimposed on the B-DNA population
of the upper tracing (Fig. 4B). This shows that in the
presence ofM HhaI, a 14-bp dC-dG insert at least partially
forms a left-handed helix in vivo, whereas without
M -HhaI, no such behavior was detected by this method.
For pRW1561 and pRW1554 (containing 56- and 74-bp

inserts, respectively), bimodal topoisomer distributions
were observed even in the absence ofM HhaI, confirming
previous results (23). However, from the lower tracings in
the boxes for pRW1561 and pRW1554, it is obvious that the
presence ofM HhaI in the same cell significantly increases
the intensities of the topoisomers with more-negative linking
numbers (which were not resolved into individual bands
under these gel conditions) (Fig. 4B). These bands represent
molecules in which a B-to-Z transition had occurred inside
the cell. On the other hand, the bands corresponding to the
topoisomer families in the centers of the top tracings,
representing molecules without a left-handed helix structure
in vivo, have strongly decreased in intensity (Fig. 4B). The
linking-number assay was also performed with several other
plasmids (pRW1557 and pRW1563 [Fig. 1]; Fig. 4A) after
cotransformation with pRW1602 or pRW1610. Although
quantitative differences were observed because of the dif-
ferent lengths of the inserts, the in vivo behavior of these
plasmids with respect to the absence or presence of
M HhaI was qualitatively similar to the behavior of the
plasmids described above (data not shown).
These changes in the relative intensities of B- and Z-type

topoisomer populations, caused by the expression of
M * HhaI in E. coli, are in complete agreement with the
results obtained with the M EcoRI inhibition experiments
described above. Both types of study indicate that cytosine
methylation enhances the formation of left-handed helix
structures in supercoiled plasmids in vivo.

Effects of chloramphenicol amplification. Several of the
cotransformants with pRW1610 were grown at the permis-
sive temperature for 12 to 16 h after the addition of chlor-
amphenicol to inhibit protein synthesis. We wished to inves-

tigate whether protein depletion after cell amplification
would effect the B-Z equilibrium in the presence of the
M * HhaI gene in vivo. However, it was found that after
amplification, the plasmids were partially susceptible to
cleavage by Hhal, indicating that M HhaI was no longer
able to completely methylate all the HhaI sites in the
plasmids. Therefore, this approach to measuring the in vivo
effects of cytosine methylation was not applicable to this
growth condition. In previous experiments which used
cotransformants with pRW1602 only, no significant influence

formants with pRW1610 (with M * HhaI) (+) are shown. (B) Den-
sitometric tracings of selected cotransformants. pRW1560 is the
control plasmid without a dC-dG insert. pRW1567 contains (dC-
dG)7, pRW1561 contains (dC-dG)13E(dC-dG)13, and pRW1554 con-
tains (dC-dG)22E(dC-dG)13 as insert. Each of these plasmids was
cotransformed with either pRW1602 (top tracing and gel in each
box) or pRW1610 (bottom tracing and gel in each box). The
topoisomer distribution generated inside E. coli was analyzed on
agarose-chloroquine gels, and then densitometric tracings of-the
negative-gel photographs were performed. Migration was-from left
to right. The intense peaks on the left end of each tracing correspond
to the nicked plasmid. The topoisomers ofpRW1602 or pRW1610 do
not appear on this gel region since they are much longer than the
pBR322 derivatives shown here.
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of protein synthesis inhibition on the in vivo B-Z equilibrium
was observed (23).

DISCUSSION

The effects of cytosine methylation on the supercoil-
driven formation of Z-DNA in vivo were determined by two
different methods. Both the M - EcoRI inhibition assay and
the linking-number assay were used previously to establish
that dC-dG regions of sufficient length can exist in left-
handed helices in growing E. coli (8, 23).
We believe that the percentage of inhibition of methylation

at EcoRI sites in our plasmid constructs by the temperature-
sensitive M * EcoRl reflects the relative stabilities of the B
form and Z form of the inserts inside living cells. Thus, the
amount of M - EcoRI inhibition was used to quantitate the
amount of Z form for each length of potential Z region. By
cotransformation with pRW1610, which contained the genes
for both M * EcoRI and M HhaI, complete methylation of
cytosines in the multiple HhaI sites in the dC-dG inserts was
obtained.
Longer dC-dG segments containing an EcoRI site were

methylated by M - EcoRI at a slower in vivo rate than were
shorter segments (Fig. 2). This result qualitatively confirms
data obtained previously in the absence ofM * HhaI (23). In
the presence of a constitutively expressed M - HhaI, cy-
tosine methylation decreased the amount of M - EcoRI
methylation for each length of Z-DNA insert. Whereas
without M - HhaI a significant inhibition of M - EcoRI was
observed only with inserts of at least approximately 40 bp in
length, a measurable amount of M * EcoRI inhibition was
observed even for the shortest insert (14 bp of dC-dG) when
M - HhaI was also present in the cell. Thus, cytosine meth-
ylation stabilizes the formation of a Z helix even in inserts
that are predominantly in a right-handed form when the
dC-dG regions are not methylated.
The analysis of the plasmid linking-number distributions

generated in vivo confirmed this observation. For short
inserts (14, 18, and 26 bp of dC-dG), we observed a pattern
in which a subpopulation of topoisomers, generated by a
B-to-Z transition in vivo, was superimposed on the normal
distribution of topoisomers that had not contained Z-DNA in
E. coli.
For longer inserts (56 and 74 bp of dC-dG), a Z-helix

structure is already stabilized in the absence of M HhaI
(23), as reflected by the bimodal topoisomer distributions in
the top tracing for each plasmid (Fig. 4B). In the presence of
M HhaI, the population with lower linking numbers (rep-
resenting molecules that had contained Z-DNA in the cell)
for both plasmids greatly increased in intensity relative to
the unperturbed B-form population centered at higher link-
ing numbers. These results are in complete agreement with
those of the M - EcoRI inhibition studies described above.
They also indicate that expression of M * HhaI (i.e., the
methylation of cytosines in the dC-dG regions) stabilizes the
formation of Z-DNA inside living cells and causes a signifi-
cant shift in the proportion of B-form and Z-form structures
in the inserts towards more Z-DNA than B-DNA.

It is obvious that for a plasmid not containing any insert
with Z-form potential (pRW1560), expression of M - HhaI
leads to a change in the linking-number distribution of only
approximately 0.5 supercoil. This shift is probably caused by
the alteration of the helix repeat parameters in the multiple
HhaI sites [d(GCGC)] in the plasmid, caused by methylation
of the cytosines (6, 25).

Cytosine methylation by sequence-specific DNA methyl-

transferases is believed to play a basic role in the expression
of developmentally regulated genes in eucaryotes (4, 11).
Our data show that cytosine methylation increases the
stability of an unusual DNA secondary structure in vivo,
thus possibly locking it in this form and diminishing the
amount of unperturbed B-type structure in the same DNA
segment. In addition, methylation also induces the formation
ofZ-DNA in short DNA segments which otherwise would be
stably maintained in a right-handed helix. Thus, cytosine
methylation, which is the smallest possible biochemical
modification of a base in vivo, may initiate a drastic struc-
tural change in the DNA helix. This small change may then
lead to quite large secondary consequences like blocking of
site-specific protein-binding, target formation for Z-DNA-
binding proteins or recombination events, or the generation
of termination or initiation sites for transcription or replica-
tion or both (9, 12, 20).

Methylation-induced Z-DNA formation in vivo may have
a global effect on the superhelical tension of an entire
chromosomal domain. Cytosine methylation would favor
Z-DNA formation that is accompanied by relaxation of
torsional strain. This topological change could influence the
stabilities of supercoil-dependent DNA structures and the
activities of protein-binding sites or promoters in the same
topological domain.

In summary, the delicate interplay in vivo between se-
quence-specific cytosine methylation and the B-Z equilib-
rium and DNA topology can initiate a variety of responses at
the level of DNA conformations, DNA-protein interactions,
and DNA topology. These events may be used for gene
regulatory functions, especially with respect to cell differen-
tiation processes, for which the activities of certain genes are
correlated with the extent of base methylation in their
control regions.
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